Abstract The effect of applying ozonation and perozonation to antibiotic cefazolin-Na formulation effluents were investigated in this study. Twenty minutes of ozonation at a rate of 1,500 mg/L-h was observed to remove COD by 38%, whereas a COD removal efficiency of 40% was achieved via H 2 O 2 enhanced ozonation (same conditions þ 31.25 mM H 2 O 2 ). Both of the pretreatment alternatives were monitored to elevate the BOD 5 /COD ratio from 0.01 to 0.08. The initially inert COD was reduced by 38% using ozonation and by 60% employing H 2 O 2 enhanced ozonation. In terms of the lowest achievable effluent COD levels after bio-treatment, ozonation was observed to yield a residual COD of 205 mg L
Introduction
Cefazolin-Na, administrated either by intramuscular injection or by intravenous infusion to humans, is an important member of beta-lactam antibiotic group, categorised within cephalosporins. Being a first generation antibiotic, cefazoline is mainly effective on Gram-positive bacteria. In vitro tests have demonstrated that the bactericidal action of cephalosporins causes inhibition of cell wall synthesis. Antibiotics categorised as xenobiotic pollutants are well known to both have a highly inert nature (Kümmerer et al., 2000; Alexy et al., 2004) and exhibit toxicity towards certain species in the receiving media (Migliore et al., 1997; Sanderson et al., 2003) . Moreover, there has been intense research activity on the degradation of antibiotics, especially in recent years due to their ability to evoke bacterial resistance (Iwane et al., 2001; Lateef, 2004) . The antibiotics can enter the environment via different routes; i.e. urine and faeces from bodies, hospital wastes, pharmaceutical industry etc. Among these, the most easily controllable one can be addressed as the formulation effluents.
In this context, the objective of the present study was to investigate the chemical treatability of cefazolin-Na formulation effluent by means of advanced oxidation processes (AOPs), namely ozonation and H 2 O 2 enhanced ozonation (O 3 /H 2 O 2 ). The effects of the mentioned AOPs on the inert (non-biodegradable) COD fractions, activated sludge inhibition and toxicity towards the marine algae Phaeodactylum tricornutum (marine algae) were determined.
Materials and methods

Samples used
The synthetic samples used in the present study were prepared by dissolving an appropriate amount of cefazolin-Na powder in deionised water to reach an initial COD of 400 mg/L. Such a COD concentration was selected to simulate the actual effluents originating from a pharmaceutical plant dealing with formulation of cefalosporine group (Balcıoglu and Ö tker, 2003) . The characterisation of cefazolin-Na antibiotic is listed in Table 1 .
Analytical procedure
Apart from COD, all analyses for conventional characterisation were performed as defined in Standard Methods (APHA-AWWWA-WPCF, 1989). COD measurements were accomplished by ISO 6060 method (ISO, 1986a) . All experiments were conducted at room temperature. pH adjustments were made by NaOH or H 2 SO 4 solutions. Filtrates of samples subjected to vacuum filtration by means of Millipore membrane filters with a pore size of 0.45 mm are defined as soluble fractions. Each data point was calculated as the mean of three replicate measurements. Ozonation and perozonation processes were applied in semi-batch mode to 1 L of synthetic cefazolin-Na formulation effluent in a 1.5 L-capacity bubble column (h ¼ 23 cm). Ozone was produced by a pilot-scale PCI GL1 model ozone generator and introduced to the reaction solution from the reactor bottom through a sintered glass diffuser at a flow rate of 1.42 L/min and a dose of 1,500 mg/h (specific ozone dose ¼ 3 mg O 3 /mg COD o after 60 min-ozonation). All parts in contact with ozone were made of stainless steel, borosilicate glass or Teflon w . In order to determine the input (feed) and output (off-gas) ozone levels, gas washing bottles containing 2% w/w potassium iodide solution were connected to both inlet (two bottles in series) and outlet (two bottles in series) of the reactor. The experiments were carried out for 5, 10, 20, 40 and 60 min at an initial pH of 11. This pH was selected as 11.0 for the following reason; since the pH was not controlled throughout the reaction to mimic real formulation effluent ingredients, the pH abruptly dropped down to around pH ¼ 6 during ozonation, in other words in this manner neutral pHs were achieved in accordance with discharge requirements. For H 2 O 2 -enhanced ozonation 31.25 mM H 2 O 2 was added to the synthetic cefazolin-Na formulation effluent at the beginning of the experiment to obtain a H 2 O 2 :O 3 molar ratio of 1:1 at the end of the ozonation reaction.
Acute toxicity experiments
The acute toxicity tests run with the marine microalga Phaeodactylum tricornutum were performed as previously described by Okay et al. (2002) . The principle of the adopted procedure is based on the US EPA bottle test (Miller et al., 1978) . The experiments were conducted at constant temperature (20^2 8C) and light (3,500 -4,000 lux) conditions. Seawater filtered from Millipore filters with 0.45 mm pore sizes together with NaCl solution (13.5 g/L NaCl to simulate seawater) were used to prepare raw and treated 
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(ozonated and perozonated) antibiotic sample dilutions respectively. Several dilutions of stock solutions of raw (in filtered sea water) and ozonated and perozononated samples (with 13.5 g/L NaCl) were incubated together with algal species in 250-mL Erlenmeyer flasks. Batch cultures were maintained in standard f/2 algal growth media (Guillard, 1972) . A starting concentration of 10,000 cells/mL was added and the production rate was followed by counting the cells with a Coulter Counter (Beckman Z2) for 1 week. The flasks were repositioned daily within the experimental space to minimise possible spatial differences in illumination and temperature on growth.
Activated sludge inhibition test
Activated sludge inhibition tests were conducted in accordance with a test procedure described in ISO 8192 (ISO, 1986b) . All experiments were run at a constant temperature (20^2 8C). The heterotrophic mass used in the activated sludge inhibition test was previously acclimated with a synthetic medium resembling municipal wastewater of "readily biodegradable" nature (SWW) for 2 months. As the activated sludge inhibition experiments were performed on the raw, ozonated and perozonated cefazolin-Na formulation samples, each of these samples were diluted with appropriate amounts of SWW (for raw cefazolin-Na formulation COD SWW ¼ 400 mg/L; for ozonated cefazolin-Na formulation COD SWW ¼ 250 mg/L; for perozonated cefazolin -Na formulation COD SWW ¼ 240 mg/L) to obtain a series of different COD fractions thereby keeping a constant total COD in the raw/ozonated/perozonated antibiotic þ SWW effluent mixture at 400; 250 and 240 mg/L, respectively. During a typical run, SWW as well as raw or ozonated or perozonated antibiotic samples were aerated for up to 60 min in test beakers containing proper amounts of the SWW-acclimated, activated sludge. A food-to-microorganisms (F/ M) ratio of 0.13 mg COD mg MLVSS 21 day 21 (for experiments with raw cefazolin-Na formulation MLVSS ¼ 3,000 mg/L; for tests with ozonated cefazolin-Na formulation MLVSS ¼ 1,925 mg/L and for experiments with perozonated cefazolin-Na formulation MLVSS ¼ 1,850 mg/L) was applied for all experiments. The decrease in dissolved oxygen (DO, in mg/L) in the synthetic wastewater control (SWW) as well as in different dilutions of raw and chemically treated antibiotic samples was monitored for up to 5 min using a WTW Oxi Digi 2000 model oxygen meter. Microbial oxygen uptake rates (OUR's), expressed in mg/(l h), measured in SWW and SWW-diluted antibiotic samples were calculated based on the linear part of decreasing DO curves as a function of aeration time. Percent inhibition of OUR, i.e. I OUR , for every tested sample dilution, was calculated using the following equation;
where R T refers to the OUR of the sample (antibiotic formulation þ SWW) mixture; R B is the OUR of the control (sample blank, i.e. SWW). The obtained I OUR values were thereafter plotted against the natural logarithm of the formulations COD's (ln COD's). The COD content of raw and chemically treated antibiotic samples resulting in 50% decrease in OUR (i.e. EC 50 values; in mg/L COD) after 30 min of aeration was calculated by interpolation of the "lnCOD" (x axis) versus percent "I OUR " (y axis) plots obtained for different dilutions of raw and chemically treated antibiotic samples. The heterotrophic sludge sensitivity was checked by means of a reference test chemical namely 3,5-dichlorophenol (ISO, 1986b).
Inert COD experiments
The inert COD content of both raw, ozonated and perozonated cefazolin-Na formulation samples, were assessed according to an experimental procedure given in literature (Germirli et al., 1993) . The method involves running two aerated cylindrical batch reactors, one fed with the sample itself, and the other with glucose solution having the same dilution, of 3 L volumetric capacity. The seed was obtained from a lab-scale fill and draw aerobic reactor operated under steady state with a food to microorganism ratio of 0.7 mg COD (mg VSS. day) 21 for about 40 days. A mixture of 50% glucose and 50% raw (or ozonated or perozonated) sample was applied as the feed for this fill and draw aerobic reactor. An initial biomass concentration of 50 mg L 21 VSS was sustained in both of the batch reactors (run with raw/ozonated/perozonated sample and with glucose) where inert COD tests were performed to hinder the interference of the residual COD that can form from the endogenous respiration of initial inoculums. Aliquots removed periodically from the mixed liquor of each reactor were analysed for soluble COD. To avoid erroneous results, a strict accounting was kept of all samples removed from the reactors, so that any water loss by evaporation was replaced with distilled water prior to sampling. Experiments were continued and data were collected until the observation of a stable soluble COD plateau where the threshold level was established as less than 3-5% variation between consecutive samples. In the batch tests the samples were adjusted to a pH of 7 -8, a range suitable for biological activity. Nitrification inhibitor (Formula 2533TM, Hach Company) was added to all bioreactors in order to prevent any possible interference induced
Results and discussion
The untreated, simulated antibiotic formulation effluent under investigation could be characterised by a pH of 5.2, a COD of 400 mg/L and a BOD 5 /COD ratio of only 0.01. The low BOD 5 /COD ratio together with the high soluble inert COD content (as discussed below in detail in under "Inert COD" subheading) reflected the biorefractory nature of the wastewater under investigation. Furthermore, the inhibitory character towards activated sludge microorganisms was also examined. Apparently prior to bio-degradation such a wastewater necessitates a chemical pretreatment for reducing its bio-recalcitrance and improving inhibitory nature.
Pre-treatment by ozonation and perozonation
The COD and pH abatement rates observed during perozonation were slightly higher than those found for ozonation alone under otherwise identical reaction conditions due to the enhanced ozone decomposition to free radicals ( †
OH, HO †
2 ) in the presence of H 2 O 2 . However, the differences in oxidation rates and ozone utilisation efficiencies were not as dramatic as expected; the ozone utilisation rate that usually increases in the presence of ozone decomposition accelerates such as H 2 O 2 , was not different from that of ozonation alone (see Table 2 ).
At the end of the selected reaction period, 58% COD removal was achieved upon 60 min ozonation, yielding a specific COD removal (i.e. ozonation yield Y O3 ) of almost 0.3 mg COD per mg of ozone, implying that approximately 3 mg ozone was required to remove 1 mg COD. Both the ozone utilization efficiency and ozonation yield decreased abruptly with increasing ozone dose (ozonation time) due to the decreasing parent compound availability; i.e. less target substrate was available so that less ozone was consumed for its degradation. (Since a lot of dispensable effort was required to investigate the improvement of biodegradability by conducting inert COD tests at each ozone trial, although not very reliable, an evaluation based on BOD 5 /COD ratio was determined to be G. Iskender et al. 220 sufficient at this stage of the study.) On the other hand, to achieve an acceptable biodegradability (BOD 5 /COD < 0.10) the ozonation time had to be extended to 20 min corresponding to an ozone consumption of 300 mg and fortunately coinciding with an effluent pH of around 7 being most attractive for a proceeding biotreatment stage. An increase in the biodegradability (BOD 5 /COD ratio) at similar ozone doses was already observed in previous related work dealing with the ozonation and perozonation of real antibiotic formulation effluent (Arslan- Alaton and Dogruel, 2004) . From the practical point of view it is most advantageous to conduct ozonation for 20 min when the ozone utilisation is still so high that 1 mg ozone could remove 0.5 mg of the COD content of the antibiotic formulation effluent in the present study.
Inert COD
Rather than adopting the misleading pollutant parameter of BOD 5 , the current understanding of environmental biotechnology mainly focuses on the concept of inert (or bio-recalcitrant) COD content of the discharges either initially present in the effluent itself or generated through the course of biochemical reactions. In this context the research activities devoted to improve the biodegradability of especially industrial effluents have been intensified. Two COD fractions, namely, initially inert soluble COD, S I , and soluble residual microbial products, S P (both expressed as mg/L COD), are of importance in evaluating the biodegradability of effluents as they together compose the outlet COD of a well operated biological treatment plant. While all the particulate components will be disposed by sludge wastage. Table 3 outlines the effect of pretreatment on the inert COD fractions of the investigated antibiotic formulation effluent.
As expected from an antibiotic formulation effluent, 78% of the COD generated by cefazolin-Na formulation was experimentally determined to be bio-recalcitrant in nature. This significantly high soluble inert fraction dictates the necessity of applying a chemical pretreatment prior to a biological one. Ozonation was observed to reduce the initially inert soluble COD content of 325 mg/L to 200 mg/L, whereas a level of 130 mg/L was obtained via perozonation. Thus, H 2 O 2 -enhanced ozonation providing a 60% initially inert soluble COD removal efficiency, appeared to yield a better outcome in comparison with ozonation. However, in order to the reach a final conclusion an appraisal on the lowest achievable effluent COD levels after biotreatment for both of the pre-treatment alternatives must be conducted. The target of such an evaluation was to check whether the investigated alternatives were capable tools to reach an outlet COD concentration of under 150 mg/L (corresponding discharge standard as defined in National Water Pollution and Control Legislation for pharmaceutical wastewaters). In this sense, a treatment scheme composed of preozonation followed by biological treatment was monitored to yield approximately 205 mg/L residual COD that was well above the limits. On the other hand the inert COD test conducted on the perozonated cefazolin-Na sample showed that a residual COD content of 135 mg/L can be achieved by applying partial perozonation and a subsequent bio-treatment. Hence, the previous conclusion addressing the perozonation as a suitable pre-treatment was supported by the residual COD data.
Acute toxicity towards marine microalgae phaedactylum tricornutum
The results of acute toxicity experiments performed on Phaedactylum tricornutum for raw, ozonated and perozonated cefazolin-Na samples were outlined in Table 4 . All the figures given were estimated from the dose-response curves for effective dilutions causing 20 and 50% inhibition of algal growth. The results obtained on untreated cefazolin-Na sample showed that the stimulating effect of the sample at the end of 4 days was replaced by a serious level of toxicity according to 7th day counting based on values of ED 20 . When 4th and 7th day outcomes of the pretreated samples were compared within themselves, an improvement in toxicity levels were observed with time. This decrease can be attributed to the adaptation of the algae specie to the test samples. Moreover, the toxic compounds in samples can be adsorbed to the surface of algae over time, resulting in an elevation of the surface area of the algae. Owing to the decrease of the toxic compound concentration per cell surface area with time a progress in toxicity can be monitored. Thus it has been suggested that the toxicity test should not be continued for more than 4 days (Walsh et al., 1982) . According to the results of 4th day counting, the synthetic cefazolin-Na wastewater exhibited less toxicity than the ozonated and perozonated samples. The penetration of synthetic cefazolin-Na effluent as a compound with a high molecular weight to the cells Cefazolin -Na sample SE SE 3-4 -Pretreated* cefazolin -Na sample 2 -3 6 -7 3-4 12 -13 Pretreated** cefazolin -Na sample 2 -3 5 -6 8-9 17 -18 *Ozonation by applying 20 min of ozone at a rate of 1,500 mg/h under an initial pH of 11 **Perozonation by applying 20 min of ozone at a rate of 1,500 mg/h and 31.25 mM H 2 O 2 under an initial pH of 11 SE: a stimulative effect was observed was more difficult compared to the ozonated and perozonated wastewaters, because after these pre treatment processes smaller and more bioavailable compounds were generated. Therefore, the ease in entrance through the cell can cause a higher toxicity.
Activated sludge inhibition
The ln COD versus percent I OUR plots obtained for synthetic cefazolin-Na wastewater and pre-treated samples are presented in Figure 1 . The EC 20 and EC 50 values obtained from the data illustrated in Figure 1 are tabulated in Table 5 .
The activated sludge inhibition test demonstrated that raw cefazolin-Na formulation effluent had an EC 50 value of 180 mg/L COD. Both of the pretreatment alternatives were determined to completely eliminate the activated sludge inhibition measured in terms of EC 50 . In other words, since cefazoline-Na formulation effluent after being subjected to either ozonation or perozonation at optimum treatment conditions, did not exert any toxic effect that can be measured in terms of EC 50 (even the undiluted pretreatment effluents did not inhibit 50% of the heterotrophic sludge), a comparison based on EC 20 values was performed. The assessed EC 20 (COD of wastewater, in mg/L, resulting in 20% inhibition of heterotrophic biomass) values of 126 and 155 mg/L COD for ozonated and perozonated formulation effluents, respectively, indicated the merit of perozonation over ozone application. It should be kept in mind that these outputs are specific to the formulation effluent under investigation. Results of a similar study conducted on synthetically prepared Procaine Penicillin G antibiotic formulation wastewater showed that ozonated and perozonated effluents exhibited more inhibition on activated sludge than the raw wastewater even in case of employing an acclimated biomass (Ubay Cokgor et al., 2005 , 2006 . 
Conclusions
The effect of ozonation and H 2 O 2 enhanced ozonation (O 3 /H 2 O 2 ) on the toxicity and biodegradability of cefazolin-Na formulation effluent was investigated in this study.
Results have indicated that after 20 min of ozonation at a rate of 1,500 mg/h it was possible to achieve COD removals of 38 and 40% for ozonation and H 2 O 2 enhanced ozonation, respectively. The BOD 5 /COD ratio was improved from 0.01 to 0.08 via both ozonation and H 2 O 2 enhanced ozonation processes. The initially inert COD (325 mg/L out of 415 mg/L) was reduced by 38% and 60% by employing ozonation and H 2 O 2 -enhanced ozonation, respectively, at optimum reaction conditions (20 min ozonation, 500 mg O 3 , at an initial pH of 11 and 31.25 mM H 2 O 2 ). In terms of the lowest achievable effluent COD levels after biotreatment, ozonation yielded a residual COD of 205 mg/L, while a residual COD of 135 mg/L was obtained for perozonation. These figures indicate that the discharge standards can be secured by applying a treatment scheme of perozonation followed by subsequent biotreatment.
The results of the acute toxicity experiments performed with the marine microalgae Phaedactylum tricornutum showed that ozonated and perozonated samples exhibited more toxicity than the untreated cefazolin-Na effluent. The ease of entrance through the cell wall may cause this higher toxicity as after chemical pretreatment compounds with lower molecular weights were obtained. The activated sludge inhibition test demonstrated that both of the pretreatment alternatives efficiently eliminated the inhibitory effect of cefazolin-Na formulation effluent towards mixed bioculture.
According to the outputs of inert COD experiments and activated sludge inhibition test, H 2 O 2 -enhanced ozonation appeared as a suitable pretreatment option to be applied prior to biological treatment of cefazolin-Na antibiotic formulation effluent. However, it is strongly recommended to further assess the acute toxicity of the same antibiotic wastewater after perozonation followed by biotreatment, towards Phaedactylum tricornutum to ensure that the discharged effluent has no negative impact on receiving water bodies.
